Objectives: To determine whether weight extremes impact clinical outcomes in pediatric acute respiratory distress syndrome. Design: Post hoc analysis of a cohort created by combining five multicenter pediatric acute respiratory distress syndrome studies. Setting: Forty-three academic PICUs worldwide.
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For information regarding this article, E-mail: shan.ward@ucsf.edu Impact of Weight Extremes on Clinical Outcomes in Pediatric Acute Respiratory Distress Syndrome multiple comorbidities, it is unsurprising that the prevalence of both underweight and obesity among hospitalized children remains high, at approximately 20% each (3) . In studies of adult critically ill patients, the underweight have high rates of mortality, and whereas obese individuals require longer ICU (ICU length of stay [LOS] ) and hospital stays, they appear to have the lowest risk of in-hospital mortality (4) (5) (6) (7) (8) . This is known as the "obesity paradox."
Acute respiratory distress syndrome (ARDS) represents a small subset of patients cared for in the ICU but is associated with mortality rates of approximately 22-35% in the pediatric population (9) (10) (11) . Several studies have found that the obesity paradox persists in adults with ARDS (12) (13) (14) . No studies have been published regarding the effects of weight extremes on clinical outcomes in pediatric ARDS (PARDS).
The objective of this study was to determine whether weight extremes impact clinical outcomes of PARDS patients. We hypothesize that children with PARDS who are either underweight or obese will have higher risk of in-hospital mortality and longer durations of mechanical ventilation and ICU LOS. If this hypothesis is correct, it will be imperative to understand the fundamental pathophysiologic differences between the different weight groups, so that medical management can be adapted to reduce rates of mortality and morbidity in this population.
MATERIALS AND METHODS

Design, Setting, and Patients
Our cohort was developed from the combination of five prospective PARDS studies (two clinical trials and three observational studies) that were completed between 2000 and 2010 via the collaboration of 43 academic hospitals affiliated with the Pediatric Acute Lung Injury and Sepsis Investigators network. In these studies, pediatric ARDS (PARDS) and pediatric acute lung injury (ALI) were identified based on the 1994 North American-European Consensus Conference criteria: a Pao 2to-Fio 2 ratio (PF ratio) of less than 300, bilateral infiltrates on chest radiograph, and no evidence of left atrial hypertension (15) . The term "ALI" has since been replaced with the term "mild ARDS" (11) , and any patient meeting the above criteria was said to have PARDS and was included in the analyzed cohort. Details of the five studies are provided in Table A1 (Supplemental Digital Content 1, http://links.lww.com/CCM/ B879). Any patient enrolled in more than one of the studies was included once in the combined cohort.
Within the combined cohort, patients 2 to 18 years old were eligible and were included in the analysis. Subjects were excluded if there was no documented admission height and weight, PF ratio at disease onset, or patient outcome. Subjects younger than 2 years were excluded because body mass index (BMI) is not a validated growth parameter in this age group. Children with an uncorrected congenital cardiac disease were excluded. This study received Institutional Review Board exemption from the UCSF Benioff Children's Hospital, Oakland.
Measurements and Data Collection
BMI z scores were calculated using admission height and weight and corrected for age and gender based on Center for Disease Control and Prevention (CDC) formulations. Each subject was categorized into one of four CDC-defined BMI groups (16) : underweight (z score < -1.89, < 3rd percentile), normal weight (z score -1.89 to +1.04, 3rd-84th percentile), overweight (z score +1.05 to +1.65, 85th-95th percentile), and obese (z score ≥ +1.65, >95th percentile). For all analyses, the reference group was those of normal weight. The cohort was further stratified by PARDS secondary to a direct lung injury (pneumonia, aspiration, near-drowning, pulmonary contusion, and pulmonary hemorrhage) versus indirect lung injury (sepsis, trauma, or transfusion-related ALI, complete congenital cardiac repair, and vasculitis) (15, 17) . Other data collected included age, gender, race, ethnicity, prior pulmonary disease, immunocompromised status, and Pediatric Risk of Mortality (PRISM)-III score (18) .
Outcomes Measures and Statistical Analysis
The primary outcome was in-hospital mortality, and secondary outcomes were duration of mechanical ventilation and ICU LOS among survivors. We completed unadjusted analyses by comparing the outcome between BMI groups. Associations between categorical variables and mortality were analyzed by chi-square test. Normally distributed continuous data are reported as mean and sd and were compared by Student t test. Non-normally distributed continuous data are reported as median and interquartile range and were compared by Wilcoxon rank-sum test. For multivariate logistic regression analysis, the model included demographic data (age, African American vs non-African American race), PF ratio at PARDS onset, PRISM-III score, immunocompromised status, and original study group. This model was stratified by direct versus indirect lung injury. In the direct lung injury stratum, the reference group was the normal weight with direct lung injury group; similarly, in the indirect lung injury stratum, the reference group was the normal weight with indirect lung injury group. The Wald test was used to test the significance of the four-category BMI variable.
Secondary analysis was performed on the survivors. Duration of mechanical ventilation up to 28 days from disease onset was compared between the BMI groups. We used Cox proportional hazard ratios to compare the rates of extubation between BMI groups. For each subject, we determined the duration of mechanical ventilation with day 0 being the day of initial intubation, and the day of extubation being the first day the patient tolerated 24 hours without invasive mechanical ventilation. Any patient requiring mechanical ventilation for more than 28 days was considered to have not been extubated within the observed period. Rates of extubation lower than that of the normal weight (reference) group correspond to longer periods of mechanical ventilation than the reference group.
A similar method was used to compare PICU LOS up to 60 days from disease onset. Any patient remaining in the PICU for more than 60 days was considered to not have been discharged from the PICU within the observed period. Rates of discharge were compared, where a rate less than the normal weight (reference) group correlated to longer PICU stays for that group. Both the mechanical ventilation duration and PICU LOS models were adjusted for the same variables as the primary analysis and stratified by direct versus indirect lung injury. A p value of less than 0.05 was accepted as being statistically significant in all analyses. All analyses were performed using STATA software, version 13.1 (StataCorp, College Station, TX).
RESULTS
After combining the five PARDS studies, a cohort of 711 patients was created. We excluded 288 who were less than 2 years old, 68 with insufficient data to calculate a BMI, and 24 for missing diagnosis or outcome data. Six remaining patients were concurrently enrolled in two of the original studies and were only included into the final cohort once. This left 331 patients for analysis ( Fig. 1) ; 40 (12%) were underweight, 165 (50%) were normal weight, 35 (11%) were overweight, and 91 (27%) were obese. The overall in-hospital mortality was 20%. The median PRISM-III score was 11 (interquartile range [IQR], 6-16), and median PF ratio at disease onset was 124 (IQR, 84-167), consistent with PARDS of moderate severity. Table 1 compares patient characteristics between the BMI groups. There were statistically significant differences between BMI groups with regard to age, prior pulmonary disease, PARDS etiology, and, therefore, proportion of direct lung injury. The underweight group was younger and had a greater prevalence of pneumonia when compared with the other BMI groups. There were no differences between BMI groups by race, ethnicity, immunocompromised status, PRISM-III score, PF ratio, or original study.
There were no significant differences in the percent of deaths when comparing BMI groups with each other; 20% of the underweight (n = 8), 23% of the normal weight (n = 38), 11% of the overweight (n = 4), and 16% of the obese died (n = 15) (p = 0.38). Fifty-two percent of the immunocompromised died (n = 34) when compared with only 13% of the nonimmunocompromised (n = 35) (p < 0.001). Those who died had a higher PRISM-III score (median, 14; IQR, 10-23) than those who survived (median, 10; IQR, 5-15, p < 0.001). PF ratio at PARDS onset, age, and prior pulmonary disease were not associated with in-hospital mortality.
With multivariate logistic regression, BMI category was independently associated with odds of in-hospital mortality (p < 0.01) as were immunocompromised status (odds ratio, 6.0; 95% CI, 4.1-8.8), and PRISM-III score (9.1% increased odds of death for every 1-unit increase in PRISM-III score; 95% CI, 5.9-12.9). Table 2 shows the adjusted odds of death in the BMI groups when stratified by direct versus indirect lung injury. Overall, those who are overweight and obese appear to have lower adjusted odds of in-hospital mortality than the control group, this being most notable in the obese group with indirect lung injury.
Median duration of mechanically assisted ventilation was 11 days (IQR, 6-28 d), and median ICU LOS was 13 days (IQR, 8-21 d) . In univariate analyses of the survivors, longer duration of mechanical ventilation and longer ICU stays were associated with higher PRISM-III scores (p < 0.001) and with any chronic illness reported (p = 0.05). In addition, those with lower PF ratio also required longer duration of mechanical ventilation (p = 0.03). There were no differences between the BMI groups with regard to duration of mechanical ventilation (p = 0.14) or ICU LOS (p = 0.62) in the unadjusted analyses.
After adjusting for age, African American race, PRISM-III, PF ratio, and immunocompromised state, and stratifying by direct versus indirect lung injury, there remains no significant difference in risk of prolonged mechanical ventilation between BMI groups for those with direct lung injury (p = 0.6); however, in the indirect lung injury group, the overweight required longer durations of mechanical ventilation with a rate of extubation being 66% lower than that of normal weight (hazard ratio [HR] of extubation, 0.34; 95% CI, 0.13-0.89). In this indirect lung injury group, BMI was independently associated with duration of mechanical ventilation, p < 0.001 (Fig. 2) . The only other covariate with a statistically significant impact on the duration of mechanical ventilation was PRISM-III score, with a HR of extubation of 0.98 (95% CI, 0.97-0.998) correlating to a 2% reduction in rate of extubation for every 1-unit increase in PRISM-III score.
When evaluating PICU LOS of the whole cohort, BMI group was independently associated with PICU LOS (p <0.001) with underweight, overweight, and obese groups all exhibiting lower HR of discharge from the PICU (and therefore increased risk of longer PICU stays) than the normal weight group. Although not significant, stratification by direct versus indirect lung injury shows that all weight groups with indirect lung injury require longer PICU stays than the normal weight group; this is not the case in those with direct lung injury (Fig. 3) . 
DISCUSSION
In this large cohort of prospectively identified PARDS patients, BMI category is independently associated with risk of in-hospital mortality. There is no significant difference in odds of in-hospital mortality between the underweight and the normal weight PARDS patients. Interestingly, the lowest adjusted odds of in-hospital mortality is seen in the obese patients with indirect lung injury PARDS, i.e., sepsis, trauma, or transfusion-related ALI. Although there were no differences in the duration of mechanical ventilation between BMI groups with direct lung injury PARDS, those who were overweight with indirect lung injury required longer duration of mechanical ventilatory support than the normal weight group. A similar trend was seen in the obese, but statistical significance was not achieved. There is an association between ICU LOS and BMI group when evaluating the cohort as a whole; with underweight, overweight, and obese groups all exhibiting increased risk of longer ICU stays compared with those of normal weight. Although not statistically significant, stratification by direct versus indirect lung injury shows distinct differences in ICU LOS between BMI groups with indirect lung injury and almost no difference among the BMI groups with direct lung injury. Obesity induces a chronic proinflammatory state that has been implicated in many diseases (19) . In addition, obese adults have reduced expiratory reserve volume and diffusion capacity on pulmonary function testing (20) and utilize a fivefold greater percentage of oxygen consumption for respiratory work at rest (21) . Furthermore, mechanical ventilation is hampered by reduced chest wall and lung compliance and an increase in airway resistance (22) . Together, these factors lead one to impart a survival disadvantage for critically ill obese individuals.
Surprisingly, data on the relationship between BMI and clinical outcomes in critically ill adults indicate either unchanged or reduced mortality in the overweight or obese (4-8); this has become the "obesity paradox." ARDS is characterized by an immense inflammatory reaction in the lungs in response to either a local injury or a systemic inflammatory illness (23) . Several studies reveal that the obesity paradox likely persists in adults with ARDS (12) (13) (14) . In order to elucidate the pathobiology behind this phenomenon, Stapleton et al (24) evaluated the plasma biomarkers of adult ARDS subjects and found that the proinflammatory cytokines tumor necrosis factor-α, interleukin (IL)-6, and IL-8, which are known to be elevated with chronic obesity and in ARDS, were decreased in the obese ARDS patients when compared with normal weight ARDS patients. This suggests that obese patients, who exhibit a chronically inflamed state, have an attenuation of this inflammation with the added stress of acute critical illness, signifying a potentially protective response. Similar results have been seen in obese, leptin-resistant mice with ALI (25, 26) . This premise prompted us to evaluate for differences in outcome between those with a local injury leading to PARDS (direct lung injury) and those with PARDS secondary to a systemic inflammatory illness (indirect lung injury), a novel approach in both pediatric and adult studies. Interestingly, in our analysis, we found that in those with an indirect cause of PARDS, the obese had an almost 90% reduction in adjusted odds of in-hospital mortality compared with normal weight individuals. Our research 0.61 (0.3-1.3)  0.99 (0.39-2.5)  0.11 (0.01-0.8 ) 1.09 (1.06-1.1)  < 0.001  1.09 (1.02-1.16 ) 0.01 1.13 (1.08-1.18 refocuses and repurposes the imperative to better understand how adiposity modulates the acute inflammatory response in critically ill children.
Pediatric Risk of Mortality-III
We are aware of only two studies published regarding pediatric weight extremes and PICU outcomes. Goh et al (27) evaluated the effects of obesity on mechanically ventilated pediatric patients and found mortality risk, duration of mechanical ventilation, and PICU stay in the obese similar to those of normal weight. On close inspection, the adjusted odds of ICU mortality were lowest in their obese group and increasing in a U-shaped fashion with underweight and severely overweight individuals having the highest adjusted odds of death, a pattern very similar to adult studies. These findings may be nonstatistically significant, in part, due to the very heterogenous patient population incorporated when evaluating patients requiring mechanical ventilation for all causes, including nonrespiratory disease indications. Numa et al (28) showed that PICU patients with admission weights at the extremes had increased mortality. The population studied, however, was overrepresented by underweight subjects and was not accurately representative of the population. Both of these studies defined obesity by weight percentile or z score, a measurement less validated than BMI in appropriately defining childhood obesity (16) .
In 2000, the ARDS network showed a great reduction in mortality and duration of mechanical ventilation in patients who received low tidal volume mechanical ventilation, defined as 6 mL/kg of predicted body weight (29) . Since then, both pediatric and adult intensivists strive to utilize this strategy in ARDS and PARDS patients. Our cohort had a mean tidal volume of 7.5 mL/kg of admission weight (± 2.5 mL/kg) on both days 0 and 1 of PARDS, suggesting that the 38% who were overweight or obese, and whose admit weight is likely greater than their ideal body weight, were quite possibly being exposed to higher tidal volumes and thus higher risk of volutrauma, although given the limited data on mechanical ventilation in this cohort, this has not been determined. This emphasizes the importance of differentiating patients based on their BMI classification and improving adherence to protective mechanical ventilation strategies.
Our study is not without limitations. We performed a secondary analysis of existing data not initially designed to test the influence of weight on PARDS outcomes and, Figure 3 . ICU length of stay to day 60 by body mass index (BMI) group stratified by direct versus indirect lung injury. Adjusting for age, African American race, Pediatric Risk of Mortality-III score, Pao 2 -to-Fio 2 ratio at acute respiratory distress syndrome onset. p = 0.98 between BMI groups with direct lung injury (A) and p = 0.63 between BMI groups with indirect lung injury (b). Calculated using proportional hazards regression accounting for original study as a cluster variable. as such, confounding by unmeasured covariates may have occurred. In addition, our conclusion is dependent on the completeness of the data collected. We removed 68 individuals without BMI data and 24 without data on diagnosis or outcome although demographic characteristics between those included and those excluded were not significantly different. Furthermore, our cohort was created by the combination of five different PARDS studies, with no unified ventilation strategy and all having their own inclusion and exclusion criteria. Most notably, one or more of the studies excluded patients of greatest risk for in-hospital mortality, specifically the immunocompromised (bone marrow or solid organ transplantation) or patients considered too hemodynamically unstable for the intervention being evaluated. Given that there was no difference in number of immunocompromised between BMI groups and that our mortality prevalence is similar to that previously published (9, 11) , this limitation would most likely lead to a bias toward the null hypothesis if it has any impact at all. Possible inaccuracy of weight measurements in critically ill children presents an additional limitation. Weight measurement may be greatly affected by resuscitative efforts or by measurement error and may lead to misclassification of patients by BMI category. To reduce inaccuracy, we used the earliest weight measurement, that being the weight measured at admission to the emergency department or PICU.
In conclusion, BMI category is independently associated with in-hospital mortality risk in children with PARDS with highest risk in the underweight and normal weight and lowest risk in the obese, implying that the obesity paradox may exist in children with PARDS. This effect appears to be primarily seen in the indirect lung injury cohort, suggesting a possible link between increased adiposity and an attenuated systemic inflammatory response to critical illness. Despite having lower mortality risk, children with indirect lung injury who are overweight and survive require longer periods of assisted ventilation. Although not statistically significant, this trend is noted in the obese with indirect lung injury as well. A prospective investigation that focuses on the influence of body mass at the extremes in children with PARDS and systemic inflammatory illnesses is needed to confirm our findings with particular attention to respiratory indices, metabolic distinctions, mechanical ventilation strategies, and inflammatory indicators. Understanding the pathophysiologic differences and therapeutic implications between patients because of varying body habitus and baseline metabolic function is a vital step to develop new therapeutic approaches for critically ill children.
